Manatees are a vulnerable, charismatic sentinel species from the evolutionarily divergent Afrotheria. Manatee health and resistance to infectious disease is of great concern to conservation groups, but little is known about their immune system. To develop manatee-specific tools for monitoring health, we first must have a general knowledge of how the immunoglobulin heavy (IgH) chain locus is organized and transcriptionally expressed. Using the genomic scaffolds of the Florida manatee (Trichechus manatus latirostris), we characterized the potential IgH segmental diversity and constant region isotypic diversity and performed the first Afrotherian repertoire analysis. The Florida manatee has low V(D)J combinatorial diversity (3744 potential combinations) and few constant region isotypes. They also lack clan III V segments, which may have caused reduced VH segment numbers. However, we found productive somatic hypermutation concentrated in the complementarity determining regions. In conclusion, manatees have limited IGHV clan and combinatorial diversity. This suggests that clan III V segments are essential for maintaining IgH locus diversity.
Introduction
Manatees are largely tropical marine mammals within Superorder Afrotheria, which includes aardvarks, elephants, and tenrecs (Kellogg et al., 2007) . The Order Sirenia includes three manatee species, the West Indian (Trichechus manatus), the Amazonian (T. inunguis), and the African (T. senegalensis) manatee that inhabit the Caribbean and Atlantic coasts, the Amazon River drainage, and the West African coasts, respectively (Domning, 1982) . The two American species are of particular interest due to a history of overhunting, which caused several bottlenecks and their current vulnerable status (O'Shea, 1988) . The West Indian manatee also has significant population fragmentation due to habitat destruction (Vianna et al., 2006) . To date, two subspecies have been identified: the Florida manatee (T. m. latirostris) and the Antillean manatee (T. m. manatus). Because these species maintain a wide distribution across varied aquatic environments, have a history of bottlenecks and founder events, and serve a role as sentinel species within coastal environments (Bonde et al., 2004) , characterizing their adaptive immune receptors is essential to supplement conservation efforts. Some earlier studies have quantified the robustness of the manatee immune system (Bossart, 1995; McGee, 2012; Sweat et al., 2005; Walsh et al. 2003 Walsh et al. , 2005 , but the specific antigen binding diversity of the adaptive immune receptors has not been described. Manatees make an interesting non-model species to study because there are little data on the lymphocyte antigen receptors of the Afrotherian branch of mammalian evolution (Guo et al., 2011) .
Florida manatees have two significant disease associated agents identified in their populations (Brevetoxicosis (red tide) and papilloma virus) (Bossart et al., 1998 (Bossart et al., , 2002 Walsh et al., 2015) . The brevetoxins produced by Karenia brevis cause disease in two ways. There are acute neurotoxic effects from the brevetoxin when they bind to sodium channels, which activates them and disrupts the normal salt gradient required for neuronal action potentials (Wang, D. Z. 2008) . The more fatal aspects of the disease stem from the chronic immunosuppressive effects when the brevetoxins are internalized by leukocytes because it initiates apoptosis, which releases inflammatory mediators that lead to edema and pulmonary hemorrhage (Bossart et al., 1998) . Additionally, several parasites have been identified in the Florida populations, including trematodes (Chiorchis fabaceus, Chiochis groschafti, Pulmonicola cochleotrema, Moniligerum blairi, and Nudacotyle undicola), nematodes (Heterocheilus tunicatus) and coccidians (Eimeria manatus and Eimeria nodulosa), but their impact on population health is not yet understood (Bando et al., 2014) . Little is known about the manatee immunoglobulin (Ig) repertoire, with the exception of serological analysis that determined baseline levels of circulating IgG in T. manatus (McGee, 2012) . Since the T. m. latirostris genome is the only assembled manatee genome currently available, we characterized the genomic organization of this manatee species and evaluated the gene expression to assess the potential repertoire diversity.
Immunoglobulins are both the secreted and membrane bound receptors of B cells that can opsonize and neutralize extracellular antigens and activate the complement cascade. The adaptive immune receptor loci are exceptional in their organization and rearrangement mechanism which creates the diversity needed to recognize a wide variety of antigens. The Immunoglobulin heavy chain (IgH) locus contains a unique set of several variable (V), diversity (D), and joining (J) segments (Tonegawa, 1983) . During development, each B cell recombines one of each segment at the DNA level so that each cell produces one receptor, allowing for the specific proliferation of cells and receptors that recognize the invading antigen (Nossal and Lederberg, 1958) .
To increase the diversity of these receptors beyond the combination of different segments, there are two mechanisms driven by the enzyme activation-induced cytosine deaminase (AID) in most vertebrates: somatic hypermutation (SHM) and class-switch recombination (CSR). These mechanisms usually proceed after antigen recognition, except in sheep where mutation occurs independent of external antigen exposure (Reynaud et al., 1995) . AID also mediates another uncommon mechanism of diversification called gene conversion, seen in rabbits and chickens. In SHM, deaminating a cytosine results in repair mechanisms that can cause a point mutation. CSR occurs when there are two double stranded breaks in the switch regions of two constant regions, which are resolved by bringing the two breaks together and deleting the intervening sequence. This allows for isotype switching which gives the receptors different functions.
Mammalian V segments can be separated into three clans based on sequence similarity primarily in the framework 1 and 3 regions (Kirkham et al., 1992) . In most mammals, there are germline V segment representatives for each clan, but some species lack V segments from one or two clans. However, clan III is usually retained, such as the platypus that only has clan III V segments (Zhao et al., 2009 ). Clan III is also the most homologous to ancestral V segments in fish (Andersson, 1995; Zhao et al., 2009 ). However, there are three mammalian species that do not have clan III (cow, sheep, and horse) , where it appears to be coupled with low numbers of V segments (Dufour et al., 1996; Niku et al., 2012; Walther et al., 2015) . The mechanism and selection pressure behind the maintenance of these clans is unclear, but there do seem to be functional differences between the three clans (Schroeder and Wang, 1990; Tutter and Riblet, 1989) .
While the immunoglobulin heavy chain locus structure is similar across jawed vertebrates, there are differences in the potential repertoire diversity and the range of functions of the available constant regions. By comparing the manatee segmental diversity and expression with other species, we can see which segments are important both within and between species and determine how well equipped manatees are for defense against infectious disease in their environment.
Materials and methods

Sample collection
Blood was collected into EDTA-containing vacutainer tubes from the flipper of T. manatus latirostris during wild capture health assessments in Crystal River, Florida in November of 2014. The blood was processed at the site of collection using the LeukoLock Total RNA Isolation System (Life Technologies, Carlsbad CA) to preserve RNA from peripheral blood leukocytes. The filters were transported to Texas A&M University at room temperature and then stored at À20 C.
Total RNA isolation and cDNA synthesis
RNA was isolated from the filter-bound leukocytes using the LeukoLock Total RNA Isolation System, following the manufacturer's instructions. The quantity and quality of the RNA samples were assessed using a NanoDrop 2000c spectrophotometer (Thermofisher, Waltham, MA) and stored at À80 C. The 5 0 RACE cDNA libraries were prepared from the leukocyte RNA using the GeneRacer kit (Life Technologies) with GeneRacer oligo dT and random primers in equal ratios.
Identification of IgH genes in the genome
The Igm constant region for the manatee was annotated by aligning the Asian elephant (Elephas maximus) Igm transcript against the T. m. latirostris genome (Broad v1.0/triMan1). Once the scaffold containing the Igm constant region was identified, BLASTx was used to search for potential upstream V segments and downstream constant regions. The Recombination Signal Sequence Site (http://www.itb.cnr.it/rss/index.html) was used to predict recombination signal sequences (RSSs) to identify D and J segments. D segments were predicted based on two opposite facing 12-spacer RSSs located between the most 3 0 V segment and most 5 0 J segment. J segments were predicted based on a reverse orientation 23 RSS that was followed by either a FGXG or a WGXG motif. Genomic V and D segments were separated into families based on 70% nucleotide identity (Brodeur and Riblet, 1984) . Both V and D segment families were ordered by the number of segments within the family, starting with the largest.
IgH RACE PCR, cloning, and sanger sequencing
The 5 0 RACE products were amplified by PCR using the 5 0 Generacer adaptor forward primer and a T. manatus Igm constant region reverse primer (Table S1 ). The 3 0 RACE products were amplified by PCR using several forward primers specific for the framework regions of different V and the 3 0 Generacer reverse primer. The amplicons were purified from a 0.8% agarose gel after electrophoresis in tris/acetic acid/EDTA (TAE) buffer, cloned into pCR II vector with the TOPO TA Cloning Kit (Life Technologies), and transformed into chemically competent TOP10 Escherichia coli cells (Invitrogen, Carlsbad, CA). Colonies were picked based on blue/white screening produced by X-Gal (Sigma-Aldrich, Saint Louis MO). The plasmid DNA was purified using the Zyppy Plasmid Miniprep kit (Zymo Research Corporation, Irvine CA) and digested with EcoRI (Promega, Madison, WI) to identify clones with inserts. Products for sequencing were amplified using either M13 forward or reverse primers, purified using ABI BigDye X Terminator Purification Kit (Life Technologies), and sequenced by the Gene Technologies Lab in the Department of Biology at Texas A&M University.
PacBio SMRT sequencing
PacBio Single Molecule Real Time (SMRT) sequencing provides long read length and circular consensus sequences to provide high accuracy, which makes it ideal to cover the entire V(D)J rearrangement and identify SHM.
Transcripts were amplified from one individual T. m. latirostris RACE library. Primers used for PacBio sequencing were tagged with a 16 bp barcode, then 5 0 RACE PCR was performed and the amplicons extracted from a 0.8% agarose gel after electrophoresis in tris/ acetic acid/EDTA (TAE) buffer using the Purelink Quick Gel Extraction Kit (Invitrogen). Amplicon DNA was quantified using Qubit (Invitrogen). The DNA samples were sequenced by the Duke University Genome Sequencing Center (Durham, NC) on a PacBio RS II third-generation sequencer.
Sequence analysis
V and J segments in transcripts that were at least 90% identical to the genomic sequence were considered to have originated from that genomic segment. Sequences were aligned to the genomic D segment sequence to determine the transcript sequence that was contributed by a D segment. Individual identification of D segments in sequences is difficult due to high similarity between the D segments and a high propensity for mutation in the Complementarity Determining Region 3 (CDR3) region. D segment usage was determined by aligning the CDR3 region of each transcript to each genomic D segment. Each alignment was scored manually under these conditions: a single match was þ1 point, the match extension bonus was þ0.1 for each consecutive match, a mismatch was À0.5 points, and the mismatch extension cost was an added À0.5 for each consecutive mismatch. Scored regions did not cross over gaps in the alignment. The best scored alignment determined the D segment sequence used in each transcript.
CDR1 length was calculated as the number of amino acids between (not including) position 26 and 39, given that position 23 is the first conserved cysteine and position 41 is the tryptophan of the WYRQ motif (Lefranc, 1999) . CDR2 length was calculated as the number of amino acids between (not including) position 55 and 66, given that position 104 is the second conserved cysteine in the YXC motif (Lefranc, 1999) . CDR3 length was calculated as the number of amino acids between (not including) the second conserved cysteine of the V segment and the phenylalanine/tryptophan of the F/WGXG motif of the J segment (Lefranc, 1999) .
Sequence alignment and tree building
Amino acid alignments were performed using the Geneious (version 9.1.5) software ClustalW alignment tool, employing gap opening penalties of 17 and gap extension penalties of 6.0 for pairwise alignments. The alignments were used to create the two neighbor-joining trees using the Tamura-Nei distance model (Tamura and Nei, 1993) with 1000 bootstrap iterations.
Both trees were also constructed using RaxML to create maximum likelihood trees with the CAT BLOSUM62 protein model and bootstrapping algorithm in Geneious version 9.1.5 (http:// www.geneious.com) (Kearse et al., 2012) . The tree topologies were similar with both methods, so the maximum likelihood trees were not included.
Results
Genomic organization of the T. m. latirostris IgH locus
IgH locus
The IgH locus is located on scaffold 53 of the T. m. latirostris genome assembly (Broad v1.0/triMan1). The locus is in the reverse orientation relative to the scaffold and spans 3,765,922 bp from the most 5 0 V segment on the scaffold, which is a pseudogene, to the transmembrane tail of Iga, the most 3 0 constant region (Fig. 1 ). There are many sequence gaps within the locus. The total locus length may be underestimated because the scaffold ends before a non-Ig gene is identified. The scaffolds that contained VIPR2 and Zfp386, which flank the 5 0 end of the IgH locus in other species, did not contain any IGHV-like sequences and no other V segments were located on other scaffolds. Therefore, we were unable to identify the 5 0 boundary of the locus. It is possible that the manatee IgH locus is at the end of the chromosome similar to the human IgH locus and therefore does not have a flanking non-Ig gene, so the beginning of the genomic scaffold could be the beginning of the locus. Additionally, the region of the T. m. latirostris locus encoded by this scaffold is larger than the human (1.25 Mb), mouse (2.9 Mb) and elephant (2.97 Mb) loci, so it is reasonable to hypothesize that the beginning of the scaffold could be the beginning of the locus. However, the chromosomal location of the locus has not yet been identified.
Constant region genes
The T. m. latirostris genome assembly codes for the five IgH constant region isotypes found in most mammals: Igm, Igd, Igg, Igε, and Iga, yet only contains one sub-class of each isotype (Fig. 2) .
The T. m. latirostris Igm gene is the most 5 0 constant region and is made up of four Ig domain exons and two transmembrane exons. The secretory protein is 445 amino acids long. The Igm gene contains all conserved cysteines for inter-and intra-domain disulfide bonds. It also contains seven potential N-linked glycosylation sites, with the one in the C4 domain being unique to manatees and elephants (Fig. S1 ).
There is one 273 bp Igd constant domain fragment encoded in the T. m. latirostris genome 5690 bp after the cytoplasmic tail exon of Igm. The elephant also has a similar Igd fragment (Guo et al., 2011) . When aligned to Igd sequence from other species, this exon is most similar to the C3 domain (Fig. S2) . In the T. m. latirostris genome, there are no sequence gaps between the Igm cytoplasmic tail and this domain, the end of the exon is truncated, there is no transmembrane region 3 0 of the exon, and this exon has not been found in any sequence using 3 0 RACE PCR. Therefore, the T. manatus latirostris d exon is most likely a pseudogene remnant.
The T. m. latirostris genome encodes one Igg constant region consisting of three Ig domain exons with a 14 amino acid hinge region between the C1 and C2 domains; the secretory protein is 330 amino acids long. There are two transmembrane region exons. Between the Igd exon and the Igg C1 domain, there are four sequence gaps that are 1e2 kb in length each and one that is 7.7 kb long. There are no gaps between Igg and Igε. It is possible that other subclasses may be found in these sequence gaps, however we have only identified transcriptional evidence for the one described Igg subclass. The amino acids involved in human FcRn binding are conserved in the T. m. latirostris Igg, but there are differences at the human Igg1 FcgRI and C1q binding motifs (Fig. S3) . Compared to the four human subclasses, the T. m. latirostris Igg is structurally similar to Igg2, with four cysteines in the hinge region and the inter-chain disulfide bond cysteine near the beginning of C1. It is also similar to human Igg2 in disruption of the C1q, FcgRI, and FcgRIII binding motifs; Igg1 and Igg3 have a leucine at position 235 in the C2 domain, while Igg2 has an alanine that lowers its C1q binding activity and eliminates FcgRI and FcgRIII binding ability. The T. m. latirostris Igg has a proline at this position, therefore it is likely it has lower complement activation ability and no FcgRI and FcgRIII binding activity (Fig. S3) . However, it has the most nucleotide similarity to human Igg1 and does not have the deletion that Igg2 has at position 237 (Fig. S3) . The amino acids that are involved in FcRn binding are highly conserved in eutherian mammals, but are less conserved in monotremes and marsupials.
Igε has four Ig domain exons and 2 transmembrane exons. The secretory protein is comprised of 426 amino acids. The T. m. latirostris Igε is very similar to other species when considering conserved cysteines, but the glycosylation sites throughout the Fig. 2. T. m. latirostris has one constant region gene for each isotype. Neighbor-joining tree generated from an amino acid alignment of selected sequences from GenBank. The T. m. latirostris sequences are highlighted in red. Bootstrap values at each major branch point are based on 1000 iterations, and sequence distance is indicated by the branch length according to the scale below the tree. The amino acid percent identity to the respective T. m. latirostris isotype is indicated at the end of each label. The tree was constructed using all the domains of each constant region with the exception of the elephant and manatee IgD. Both species only have one nonfunctional exon remnant to include while the other species have the complete 2e3 exons. Accession numbers are provided in Table S4 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) protein are variable in number and location between the species examined. In T. m. latirostris, there are six glycosylation sites in total: two in the C1 domain, two in C2, two in C3, and none in C4. The domain distribution is relatively similar to other species compared except for the C4 domain; all others except the primate species had at least one glycosylation site. The high-affinity FcεRI receptor binds several loops in the C3 domain that are more conserved than other regions of the domain: the Cε2-Cε3 linker, BC loop, DE loop, and FG loop (Fig. S4) . There was only one conserved glycosylation site throughout all species, and it was located within the DE loop.
Iga is encoded by 3 Ig domain exons with the 7 amino acid hinge region encoded at the 5 0 end of the C2 exon and one transmembrane exon. The secretory protein is 339 amino acids long. The residues involved in binding pIgR, FcaRI, and the J-chain are relatively conserved across all species when compared (Fig. S5) The T. m. latirostris Iga has features of both Iga1 and Iga2 in human. It is similar to human Iga1 because it has a cysteine in the C1 domain in the position that is involved in a disulfide bridge between the heavy and light chains. This bridge is not present in human Iga2. However, the length of the human Iga2 hinge region and the presence of glycosylation sites in C1 is similar to T. m. latirostris. There are also unique features of the manatee Iga: it has the most N-glycosylation sites (seven) of the species compared with a unique glycosylation site in both the C2 and C3 domains, and there is an additional cysteine in C1 between two highly conserved cysteines that is not observed in other species. There are no gaps between the Igε cytoplasmic tail exon and the Iga C1 exon and we identified only one subclass expressed.
VH gene segments
A total of 139 V heavy chain (VH) segments was identified on scaffold 53 of the T. m. latirostris genome assembly. Of these V segments, 118 were designated as pseudogenes (due to the presence of stop codons or frame shifts) and eight were designated as open reading frames (ORFs; due to a missing splice site, a missing motif, a truncation or insertion, or no detectable RSS) (Table S2 ). This leaves 13 potentially functional V segments encoded on this genomic scaffold, resulting in a locus with one of the fewest number of functional V segments and the greatest number of pseudogene V segments observed in mammals (Fig. 3, Table S3 ). There are gaps in the sequence among the V segments, and the 5 0 boundary of the locus has not been confirmed, so this may be an underestimation. There is potential for more functional V segments to exist, but no other V segments have been identified on other scaffolds.
The functional regions encoded by the V segments were characterized under the international immunogenetics (IMGT) information numbering system (Lefranc, 1999) . The length of the framework (FW) 1 region is 26 amino acids, FW 2 is 17 amino acids, and FW 3 is 39 amino acids for all V segments. Complementarity determining region 1 (CDR1) ranged from 8 to 10 amino acids with an average of 8.77, and CDR2 ranged from 6 to 8 amino acids with an average of 6.23.
The functional VH segments were separated into seven families based on 70% nucleotide identity, and the family size ranged from one to five segments (Fig. 4) . When the pseudogene and ORF V segments were included, 44 families were identified (data not shown). Compared to human and mouse sequences representative of the three VH clans defined by the IMGT, the 13 functional VH segments cluster with clan I and II (3 and 10 segments, respectively) (Fig. 5) . No functional VH segments belong to clan III.
DH gene segments
Between the most 3 0 V segment and the most 5 0 J segment, 48 functional D segments were identified that have 12-spaced RSSs on both sides. These segments range from 10 to 41 bp in length. The D segments were aligned and separated into 10 families based on 70% nucleotide identity; their size ranged from one to twelve segments (Fig. S6) .
JH gene segments
Six functional J segments have been identified with 23-spaced RSS and a WGxG or WDxG motif. There is one ORF J segment that has a functional RSS and WGXG motif, but no splice site on the 3 0 end; this segment is 5 0 to the functional J segments. The predicted sequence length of the functional J segments range from 15 to 20 amino acids. There is a moderate level of sequence identity between the J segments, the highest is 82.2% between IGHJ2 and IGHJ3, and the rest range from 75.5% and 54.9% (Fig. S7) . Fig. 3 . T. m. latirostris has limited IgH diversity compared to other species. Graphical representation of the varied segmental diversity between species. The y-axis represents the number of segments or genes. In the legend, the number in parentheses indicates the potential number of segment combinations possible.
IgH expression
IgH transcripts were sequenced from a peripheral blood leukocyte cDNA library of one T. m. latirostris using 5 0 and 3 0 RACE to identify the extent of mutation within one individual. Seventy-three unique transcripts (544 bp in length) were sequenced using 5 0 RACE and eight unique transcripts (1269e1508 bp in length) using 3 0 RACE. Sequences that had frame shifts in the CDR3 were not included. Of the 13 potentially functional genomic V segments, only four were expressed (IGHV5, IGHV7, IGHV8, and IGHV13) (Fig. S8) . Considering all 73 5 0 RACE sequences, which did not use a V specific primer, 95% of the V segments had at least 90% identity to IGHV8. Fig. 4 . Genomic VH segment alignment. The 13 functional VH segments were aligned using the ClustalW program in the Geneious software package. VH segments were separated into families based on 70% nucleotide identity. CDR regions are indicated by black boxes and were determined using the IMGT numbering system. Conserved cysteines are highlighted in yellow. Dots represent identity to the top sequence, which is used as a reference for all segments. Dashes represent gaps introduced to make the alignment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table S4 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Eight of the ten D segment families were found in the expressed transcripts (Fig. 6) . Family 1 was the most expressed (49%), but the most expressed individual D segment was IGHD47, which is in family 4. There was no apparent organization of family distribution or segment expression for the IGHD region.
Of the six potentially functional genomic J segments, three were found to be expressed (IGHJ1, IGHJ2, and IGHJ3) (Fig. S8) . We did not include the sequence with the IGHJ2 segment in the figure because the IGHV8 segment was truncated during sequencing and the CDR3 had a frame shift. Considering 81 5 0 and 3 0 RACE sequences, 92% of the J segments had at least 95% identity to IGHJ3.
CDR3 length was measured according to IMGT numbering: the exclusive amino acids between the last cysteine of the V segments and the WGxG motif of the J segment (Lefranc, 1999) . The CDR3 lengths of the expressed transcripts ranged from 5 to 23 amino acids, with an average of 13.4 amino acids.
Mutation rates were based on disagreements to the genomic V segment to which the transcript had the greatest (and at least 90%) identity. Four transcripts had no mutations. While the V segment CDRs contain only 16.4e18.0% of the nucleotides, they held on average 45.8% of the mutations. Of the CDR mutations, more tended to be nonsynonymous than synonymous (p ¼ 2.2e-16) (Fig. 7) .
Discussion
This study is the first to characterize the IgH genomic organization and expression in the Order Sirenia and the first repertoire analysis at the mRNA expression level from the early Afrotherian bifurcation of eutherian mammals. While the 5 0 terminus of the locus has not been identified, there is little doubt that T. m. latirostris IgH locus has a translocon organization because no other genomic scaffolds contained V-like segments.
IgH constant regions
Igd is found in most mammals, some reptiles, and teleost fish and varies in size, domain structure and genomic organization across species (Edholm et al., 2011) . The number of domains can range from two to ten (Mushinski et al., 1980; White et al., 1985; Zhao et al., 2009) . In some species, such as pig and catfish, the C1 domain is similar to Igm and is coupled with the remaining Igd-like domains (Wilson et al., 1997) . Some species, such as the African elephant (L. africana), only have one domain encoded in the genome, which is thought to be a non-functional remnant lost to that species (Guo et al., 2011) . And finally, some species, such as the opossum, do not have a delta gene in the IgH locus (Wang, X. et al., 2009 ). The T. m. latirostris genome has a similar C3 Igd remnant found in the African elephant (L. africana) genome (Fig. S2) .
Most mammalian species have multiple subclasses of Igg with high sequence identity but have varying function due to differences in hinge flexibility and Fc receptor affinity (Liu and May 2012, Pincetic et al., 2014) . The number of subclasses varies among species: humans and mice have four, elephants (L. africana) have nine (Guo et al., 2011) , and pigs (Sus scrofa) have eleven (Butler et al., 2009 ). However, the T. manatus latirostris genome codes for only one Igg constant region, similar to the opossum (Monodelphis domesticus) (Wang, X. et al., 2009 ). There is also only one Iga subclass that possesses features of both human Iga1 and Iga2. The The amino acid translation of the genomic IGHV8 segment is below the graph, which the CDRs boxed in red. B) A boxplot representation of the frequency of synonymous mutations (SM) and nonsynonymous mutations (NSM) between the framework (FW) and complementarity determining regions (CDRs). The number of mutations is normalized by the total number of nucleotides within each region. Three stars (***) represents a p value less than 0.001 using an ANOVA test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) limited constant region diversity may be an artifact of the genome assembly because there are gaps, so there is a possibility that there are more Igg and Iga subclasses. However, we have only found evidence for the one encoded in the genome.
Igε is exclusive to all three mammalian lineages and is involved in the immune response against parasites and nematodes (Vernersson et al., 2004) . Several parasitic worms are prevalent in the T. m. latirostris population, so this isotype is critical for this species (Bando et al., 2014) . The unique glycosylation site distribution of T. m. latirostris may impact the strength of mast cell binding and could lead to a more or less effective response against parasitic worms (Crispin, 2015) .
Of all studied eutherian mammals, T. m. latirostris may have the fewest constant regions because they have only one copy of each isotype represented in the current genomic assembly. Functionally, they are tied with M. domesticus for least number of isotypes among studied mammals because the Igd is a pseudogene remnant and is not expressed. Although they have few isotypes compared to other species, more studies could focus on the expressed proteins, specifically for IgG and IgA. It is possible that the T. m. latirostris-specific amino acid substitutions at receptor binding sites may not ablate function as is observed in the human-specific substitutions or the receptors have congruent mutations to retain function.
IgH segmental diversity
Compared to most mammals, T. m. latirostris has a limited repertoire based on their low segmental diversity from 13 functional V segments, 48 D segments, and six J segments. There are 3744 segmental combinations possible, which is lower than human, mice, and elephant, but higher than opossum and cow (Fig. 3) . This may be an underestimation due to the incomplete assembly of the locus. The V segments group into seven families: one family of five segments, two families of two segments, and four families of one segment (Fig. 4) . A majority of the segments (10) group to clan II, only three group to clan I, and none group to clan III (Fig. 5) .
From the 13 functional V segments, only four have been identified in expressed transcripts in one sample. The four segments belong to three different families: IGHV5 from family 1, IGHV13 and IGHV8 from family 2, and IGHV7 from family 3. These four V segments all belong to clan II. Of the 73 5 0 RACE sequences, 95% of the transcripts used the IGHV8 segment. There seems to be preferential expression for this segment, however these sequences are from one individual and may be an expression bias unique to this individual. Other V segments may also be expressed in other individuals or at lower expression levels that were not captured in this sequencing. In the future, we plan to analyze the expressed repertoire of more individuals from Florida, as well as from Antillean and Amazonian manatee populations. Comparing synonymous and nonsynonymous mutations across the different framework and CDR regions, there is a highly significant selection bias for nonsynonymous mutations in the CDR regions (Fig. 7) . This shows that somatic hypermutation successfully selects for mutations that will affect antigen binding diversity in the genomically encoded CDR1 and CDR2 and against mutations that will change the framework structure.
While the V segment diversity is limited, the 48 D segments provide an increased opportunity for CDR3 diversity. The T. m. latirostris IgH locus is far from having the most D segments (L. africana has the most at 87 D segments (Guo et al., 2011) ), but they are above average compared to many mammals including humans, mice, cow, and opossum (Fig. 3) . T. m. latirostris has a slightly longer maximum D segment length at 41 bp than both human and elephant at 37 bp (Corbett et al., 1997; Guo et al., 2011) . There are also ten D segment families compared to seven for both human and elephant. Within each family, there is not only high similarity in coding sequence and in the conserved heptamer and nonamer sequences of the RSS, but also in the 12 bp spacers (Fig. S6) .
Although the D segments do not appear to be organized by family in the genome, there does appear to be expression bias of certain families (Fig. 6) . Family 1 has the highest probability (25%) to be used because it has the most segments, but it was expressed nearly twice that percentage (49%). Surprisingly, the two families with the second most segments, family 2 and family 3, had low expression (1% and 4%, respectively). The two families that were not expressed were family 7, which has two segments, and family 10, which has one segment. Therefore, it is possible they are used but not represented in this data set because their probability of use is low. While there is one family that dominates expression, there is still widespread D segment usage, which is important in creating a diverse CDR3 repertoire. The high number of D segments, the high diversity of those segments, and the broad expression of those segments leads to increased antigen-binding diversity in the CDR3, whereas the diversity in CDR1 and CDR2 is limited to the few VH segments and SHM.
Pattern associated with the absence of clan III
The lack of clan III V segments may explain the low numbers of V segments and the high number of pseudogenes in T. m. latirostris because the clan III V segments have features that indicate their potential role in maintaining germline V segment diversity. Clan III contains the only mammalian IGHV segments that will group with IGHV segments from bony fish and reptiles, so they may have stemmed from a common origin and maintained to fulfill a specific and essential role (Andersson, 1995) . Furthermore, it is suggested that clan III V segments play a noncoding role in targeting recombination due to the high level of nucleotide conservation in the framework 1 and 3 regions, the presence of the Chi recombination octamer, and their preferential use in rearrangements in human and mouse (Schroeder and Wang, 1990; Tutter and Riblet, 1989) . Also, the regulatory elements that determine chromatin states are organized by clan throughout the mouse IgH locus, so transcriptional regulation is clan-specific (Bolland et al., 2016) . The absence of clan III in T. m. latirostris may have reduced the levels of recombination, allowing the V segments to pseudogenize without much consequence. This could explain the large disparity between the number of functional V segments and pseudogenes (Fig. 3) .
There are only three other species studied that lack clan III V segments and they also have lower numbers of functional V segments: cows have 13 (Niku et al., 2012) , sheep have approximately 10 (Dufour et al., 1996) , and horses have 14 (Walther et al., 2015) . However, cows and sheep have other mechanisms to create diversity in their IgH repertoires. In cows, approximately 10% of the Ig repertoire has an ultralong CDR3 due to unusually long D segments (148 bp) (Wang, F. et al., 2013) . These ultralong immunoglobulins have various disulfide bridge configurations and are highly mutable, which increases their antigen binding diversity without needing segmental diversity (de Los Rios et al., 2015) . In sheep, Ig SHM is not restricted to post-antigen exposure, so their naïve repertoire is not limited to what is encoded in the genome (Reynaud et al., 1995) .
T. m. latirostris is the first species independent of the ungulate lineage that has evidence of this loss of all clan III V segments. The lack of clan III most likely had a common origin in cows and sheep because of their evolutionary proximity, but it evolved independently in horse and T. m. latirostris. It is possible that T. m. latirostris uses diversifying mechanisms similar to cows and sheep, such as pre-antigen exposure SHM, but has not yet been determined. It is unclear whether similar evolutionary mechanisms caused this convergent evolution because there are significantly more pseudogenes in T. m. latirostris than the other three species. However, the loss of clan III consistently correlates with considerably lower numbers of V segments compared to other eutherians. This pattern reveals that clan III may have a more critical role in maintaining V segment diversity than previously thought.
This study is the first characterization of the T. m. latirostris IgH locus. While the segmental diversity is limited both in the number of genomically encoded segments and number of expressed segments, somatic hypermutation is still an efficient source of CDRtargeted diversity. This limited segmental diversity could be due to the lack of clan III V segments that are thought to be important for recombination regulation in other species. Despite their limited segmental diversity, manatees are theorized to have a strong immune system when they are not under cold stress (Bonde et al., 2004) . Therefore, the lack of Ig diversity may indicate a stronger dependence of cell-mediated immunity through the T cell receptor. The two primary disease causing agents in T. m. latirostris (chronic red tide exposure in leukocytes and papilloma virus) are intracellular, which typically require a cytotoxic T cell response (Bossart et al., 1998) . The lack of diversity may also be mitigated through the gamma/delta T cell receptor, which is not MHC restricted and therefore can act similarly to a membrane-bound antibody.
Understanding the genomic organization and expression profile of the immunoglobulin heavy chain locus for the Florida manatee is important because the manatee represents three unique groups. First, Afrotheria represents an important radiation in mammalian evolution because the most basal split within eutherian mammals may be between Afrotheria and all other placental mammals (Foley et al., 2016; Murphy et al., 2001 Murphy et al., , 2004 Springer et al., 2007) . Second, marine mammals are not only unique in their adaptations to the aquatic environment, but they also have microbiota that are distinct from both terrestrial mammals and the water they inhabit, which could impact segmental selection (Bik et al., 2016) . Finally, the absence of clan III V segments is not only rare, but seems to have a big impact on the maintenance of V segment diversity. The results of this study not only fill the gap of knowledge in manatee immunity, but they question the evolutionary mechanisms that maintain diversity at this complex locus.
